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vABSTRACT
This study presents the method to generates and control a force feedback with
torque control for a driver steering feel in a vehicle steer by wire (SBW) system.
The control algorithm of force feedback was developed by simulation and validated
through experimental to investigated the steering and control performance. This is
done by constructed a steering wheel rig hardware in the loop (HIL) and interfaced
to Matlab XPC target software. Two method are proposed to generate and control a
force feedback whereby the current measurement is a main element used to estimates
the steering torque . For the first control algorithm, the torque at the front axle system
and self aligning are used to generate a force feedback and the PID controller with
fuzzy system (PID+Fuzzy) are used to control a feedback torque. Meanwhile, the
reference model was used to improves the centering steering wheel position. For a
second control algorithm, the torque map and torque of steering wheel and front axle
system are used to generate the force feedback. Meanwhile, the LQR control with gain
scheduling (LQR+GS) are used to control the torque. Furthermore, the compensation
torque is used to improves the steering feel and to stabilize the system by varying
a compensation gains. The results demonstrate shown, that the torque control using
a LQR+GS method is improves against a torque map and 90% similar to Electric
Power Steering (EPS) system. This is because there are multiple gains varying that
able to improve a steering control performance. On the others hand, the hyperbolic
tangent and linear equation proposed improves a vehicle maneuverability at low and
high speed.
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ABSTRAK
Kajian ini mencadangkan kaedah untuk menjana dan mengawal maklum balas
tork untuk kawalan tork stereng pemandu dalam mengemudi kenderaan melalui wayar
(SBW) sistem. Sebuah algoritma kawalan maklum balas daya dibangunkan melalui
simulasi dan disahkan untuk disiasat stereng dan kawalan prestasi oleh stereng ujian
pelantar - perkakasan dalam gelung (HIL) menggunakan Matlab XPC perisian sasaran.
Dua kaedah yang dicadangkan untuk menjana dan mengawal maklum balas kuasa
di mana kaedah ukuran semasa digunakan untuk anggaran tork yang bersesuaian.
Untuk algoritma kawalan pertama, tork pada sistem gandar dan tork depan antara tayar
dan permukaan jalan digunakan untuk menjana maklum balas tork dan kawalan PID
dengan sistem Fuzzy (PID + Fuzzy) digunakan untuk mengawal maklum balas tork
tersebut. Selain itu, model rujukan digunakan untuk meningkatkan kedudukan stereng
berpusat dengan mengubah pekali kemudi stereng. Untuk algoritma kawalan kedua,
peta tork dan tork stereng dan sistem gandar depan digunakan untuk menjana maklum
balas tork. Manakala, kawalan LQR dengan keuntungan penjadualan (LQR+GS)
digunakan untuk mengawal maklum balas tork. Tambahan pula, tork pampasan
digunakan untuk meningkatkan rasa kemudi stereng dan untuk menstabilkan sistem
dengan mengubah pekali kawalan. Perbandingan keputusan simulasi dan eksperimen
menunjukkan peningkatan maklum balas tork dan kawalan menggunakan kaedah
(LQR+GS terhadap peta tork dan 90 % dan menghampiri prestasi Electric Power
Steering (EPS) sistem. Selain daripada itu, tangen hiperbolik dan persamaan linear
yang dicadangkan memperbaiki cara pemanduan kenderaan pada kelajuan rendah dan
tinggi.
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CHAPTER 1
INTRODUCTION
1.1 The overview of Steer by Wire (SBW) system
Since the last decade, the aspects of automotive engineering safety features
such as vehicle traction control, anti-lock braking (ABS) system, and electronic
stability control (ESC) have been used by implementing the benefit of using electronic
control system. The advantages of applying the electronic technology have been
proven to enhance the vehicle dynamic performance and safety [1–8]. However,
despite these major advancements, the implementation of electronic control in the
steering system is quite rare. The Hydraulic Power Assisted Steering (HPAS) system
was first introduced in 1950 followed by Electric Power Steering (EPS) system that
has become a standard parts in a modern steering system. The EPS has eliminated the
needs of valves, hoses and pump which allows a simpler packaging [9–11] and leads
to a more reliable system [12–16]. Moreover, since the torque assist is used only when
required, the reduced driver steering effort feature does not significantly degrade the
fuel efficiency [17, 18].
The next generation of advanced steering system is the steer by wire (SBW)
system [19, 20] as shown in Figure.1.1. The SBW system allows the elimination
of mechanical column shaft through the installation of several sensors and actuators
[21–28] controlled by the Electronic Controller Unit (ECU) to improve the vehicle
maneuverability and stability [29–33]. Through the ability to eliminate the mechanical
column shaft completely, an SBW system offers simplifications of the interior car
design [34–38] and allows better compartments design with better ergonomics and
comfort [39, 40]. The elimination of mechanical column shaft also reduces noise,
vibration and the risk of impact force to the driver in a frontal accident [41, 42].
Furthermore, the steering wheel can be modularly and easily located for either
right or left hand drivers, as it allows better space utilization especially for engine
2Figure 1.1: Different between Steer by Wire (SBW) and Conventional steering system
compartment. The most significant benefit of SBW system is the ease of integration
with the active steering control and suspension system [43,44] which allows significant
enhancement of vehicle stability, rollover and maneuverability [45–56]. Furthermore,
the transmission delay between steering wheel and front tires potential to be controlled
[57]. There are several main characteristics of steering function requirements in a SBW
system:
Wheel Synchronization
Wheel Synchronization, also knowns as directional control, is the basic requirement
in vehicle steering function of SBW systems. that requires the front tires to follow the
driver input command without bias and time delay [58–61].
Variable Steering Ratio (VSR)
The steering ratio is the ratio between the steering wheel angle and front tire angle.
In a conventional steering system, the steering ratio is almost constant or fixed ratio.
A variable steering ratio (VSR) provides significant improvement of the vehicle
maneuver at various speeds and act as function of the steering wheel angle, vehicle
speed, and other parameters.
3Steering Wheel Returnability
A steering wheel should return automatically to the center position once the driver
released their hand off the steering wheel [62, 63]. The return rates of steering wheel
centering position may vary depending on the vehicle parameters [64].
Steering Feel
In a conventional steering system, the driver directly senses the steering feel when
driving. The steering feel is generated from the mechanical contact between the
front tire and road surfaces that is transmitted to the driver through the mechanical
column shaft. Thus, the driver is able to sense the variations of feel depending on
road conditions. The steering feel becomes important to the driver during driving,
not only to maintain vehicle directional control but also to the vehicle stability [65].
In an SBW system that has no mechanical column shaft, ot is required to emulate a
force feedback similar to a conventional steering system which can be enhanced to the
variable steering feel.
1.2 Background of Research
The sense of steering feel is one of the most important elements required by
the driver during manoeuvre. The sensing element is needed to ensure that a driver
has a higher awareness level when driving to provide safety. In a conventional steering
system with a mechanical column shaft, a driver is able to directly control the vehicle
direction by turning the steering wheel. In reverse, the driver will directly sense the feel
of resistance torque in the steering wheel in accordance to the variations of the road
condition. In an SBW system, the mechanical column shaft is eliminated. One major
issue in eliminating the mechanical column shaft, is that the phase relationship between
the steering wheel angle and the steering torque sensed by driver is significantly
changed. Without the mechanical steering column shaft, the system naturally has no
sensing ability of steering feel and may have a destabilizing effect on the system [35].
In order to provide the steering feel, a force feedback with torque control has to be
generated and controlled through electric motor for the steering wheel system. The
artificial steering feel in the SBW at least should be able to emulate the feel in the
conventional steering system in addition to provide an advanced steering function.
41.3 Problem Statement
In a conventional steering system, the driver directly senses the steering feel
during maneuver. This is due to the force feedback generated from the contact between
the tire and road surface directly transmited through a mechanical column shaft to the
driver. However, since the mechanical column shaft is eliminated in the SBW system,
it is necessary to generate a force feedback with torque control for the driver steering
feel. This allows the driver to sense stiffness and softness on the steering wheel in
order to ensure that the driver has more confidence level when driving. Furthermore,
the force feedback is used to make the steering wheel return to center position when
drivers release their hand from the steering wheel.
Several researchers have studied several methods to create the force feedback
with torque control. Typically, the torque sensor is attached to the rack and pinion
system directly measures the torque. However, since the torque sensor is an expensive
component and has high maintenance cost, several studies have proposed torque
control method using an observer to estimate the force feedback. Unfortunately, the
development of an observer requires the exact model of the vehicle steering system,
which is difficult. Thus, it is a challenge to generate a robust force feedback method in
a torque control system with lower cost and has similar performance as using the force
feedback with a torque sensor.
Normally in a vehicle steering system, the driver directly controls the front
tire through the mechanical column shaft. Thus, it has a transmission delay to the
movement of the front tire due to the column shaft [57]. However, in an SBW
system, by applying suitable controller, this delay could be reduced and proportionally
improves the vehicle maneuver [66, 67]. When driving at a lower speed, especially
during parking maneuvers, drivers require a large turn on the steering wheel to turn the
front tire angle. Thus, it increases the drivers burden when they turn the steering wheel.
By adapting the concept of variable steering ratio (VSR), it could reduce driver burden
and improve the vehicle maneuver. Therefore, this thesis proposes a control algorithm
to generate a force feedback with torque control for a driver steering feel in a vehicle
SBW system. The potential elements to generate and improve the steering feel are
taken into account. Furthermore, the suitable controllers for the wheel synchronization
are analyzed and compared with EPS system for monitoring the delay transmission.
Moreover, the mathematical concept for VSR function is proposed to improve vehicle
maneuver and reduce the driver burden on the steering wheel, especially during parking
maneuvers.
51.4 Research Objectives
The primary objectives of this studies are described the following:
1. To develop the force feedback for torque estimation control algorithm, variable
steering ratio and wheel synchronization in a vehicle SBW system.
2. To study, analyze and investigate the performance of the proposed control
algorithm and compare with a conventional steering system.
3. To validate the effectiveness of the proposed control algorithm using HIL
methodology.
1.5 Limitation and Scope of Study
The limitation and scope of research covers the following activities:
• The focus is given on generate a force feedback with torque control.
• A current measurement technique is used to estimate the torque at steering wheel
and front axle motor.
• The steering wheel rig is designed and constructed to verify the effectiveness of
the propose force feedback with torque control algorithm.
1.6 Significance of Study
The driver steering feel is generated by a force feedback whereby it is an
important role for driver steering feel during manoeuvres. It does not only maintain
the steering directional control but also provides more confidence level for drivers
during manoeuvre. Therefore, in an SBW system, it is necessary to generate the force
feedback with torque control that is able to counteract an external disturbance for a
driver steering feel.
Most of existing researches have proposed to generate a force feedback using
a torque sensor. In an SBW system, it is necessary to reduce a number of torque
sensors used as the cost of SBW system itself is already expensive. Moreover, only
6a few studies focused on controlling the torque at various speeds with disturbance.
Furthermore, most of the researches used a complex mathematical model to generate a
force feedback whereby it has increased the potential on increase the number of faults
happening due to the high processing and a limited ECU capacity.
The finding of this studies will contribute to the development of a force
feedback system with torque control using current measurement method for a driver
steering feel in SBW systems. For the automotive manufacturers, the use of the current
measurement will reduce the complexity to generate the force feedback as well as
reducing the cost and for assembly and a testing process. For the researches, this study
will help them recover the critical area and gains knowledge to improve the control
technique. Therefore, this study is deemed significant to generate the force feedback
for SBW system with the following reasons:
• Current Sensor
The method of direct current measurement is used to generate a force feedback
control with torque estimation instead of using a torque sensor.
• Torque control
An appropriate torque control algorithm is used to adequately control the
steering torque response at various speed with a disturbance that will improve
the driver steering feel.
• Complex mathematical model
A complex mathematical model will be simplified to reduce a number of
complexities and provides a diverse control algorithm.
1.7 Methodology
The flow of the research methodology conducted in this thesis is shown in
Figure 1.2.
The methodology begins by studying the previous works related to the models
of the SBW system and the control algorithms of each characteristics function. The
SBW system model consisted of a steering wheel and front axle system. Meanwhile,
the characteristic function is wheel synchronization, variable steering ratio and a force
feedback with torque control. Furthermore, the single track linear vehicle model is
investigated and repeated to get an in-depth understanding on the topic.
7Figure 1.2: Flow Chart - Research Methodology
8Then, the SBW system subsystem is modeled whereby it is composed of
steering wheel system, front axle system and single track linear vehicle model. The
steering wheel system contains the steering wheel motor, while the front axle system
is related to the front axle motor, rack pinion system and steering linkage system.
Furthermore, the single tracks linear vehicle model is modeled based on two degree
of freedom (DOF) which is a yaw rate and body slip angle. On the other hand, the
stability characteristic of each subsystem is defined using pole- zero map function to
investigate the stability response. This is done using Matlab tools software.
After the SBW subsystem is modeled, the control algorithm of each steering
function is proposed. For wheel synchronization, two methods are proposed which
is using a PID and LQR controllers. Both controllers then are compared to analyze
a better steering response. Meanwhile, for VSR function to improve a vehicle
manoeuvre at low and high speed, two methods are proposed, which is the hyperbolic
tangent and linear equation. Both method are based on the steering wheel angle and
vehicle speed function. Meanwhile, for the force feedback with torque estimation
control, two methods are proposed. The first method is based on the PID with Fuzzy
(PID+Fuzzy) system and the second method is based on LQR with a gain scheduling
(LQR+GS). The potential elements to generate a force feedback are taken into account
for both methods to provide a realistic driver steering feel with appropriate torque
control technique applied. Then, the effectiveness of the proposed control algorithm is
simulated using Matlab tools software and the results are compared with EPS system
and torque map for force feedback response. The analyses with justification for each
proposed control methods are defined.
To validate the proposed control algorithm for the force feedback with torque
estimation control, the real time hardware in the loop (HIL) control environment is
conducted. The steering wheel rig is designed using 3D dimensional - Computational
Aided Design (CAD) software, which is Solidworks, to design each part of the steering
wheel rig. After the design is finalized, the steering wheel rig is constructed in
accordance to the design with suitable sensors and actuators installed. The steering
wheel rig then is interfaced using Matlab - XPC target toolbox software to validate the
proposed force feedback control algorithm. Again, the experiment result is analyzed
with justifications and the values of root mean square(RMS) are used to compare with
EPS system.
91.8 Thesis Contribution
The outcome of this study can be summarized into two major contributions
and two minor contributions in a vehicle steer by wire (SBW) system which is a force
feedback with torque estimation control and a variable steering ratio.
1.8.1 The Force feedback for torque estimation and control algorithm
A Force Feedback using PID + Fuzzy system
The force feedback is based on the element from the torque of front axle motor and the
estimation of self aligning torque. The torque of front axle motor is measured using
direct current measurement technique. Meanwhile, the self aligning torque is estimated
based on the vehicle dynamics response which is yaw rate and body slip angle. By
using these elements, it is able to generate a force feedback for realistic driver steering
feel. Meanwhile, the reference model is used to improve the centering steering wheel
position based on steering stiffness parameter. In order to control the torque and
able to counteract external disturbances, PID controllers with fuzzy system are used.
The fuzzy system consisted of steering wheel angle and vehicle speed. The control
algorithm is validated using hardware in the loop (HIL) methodology using Matlab
software tools and the responses are compared with Electric Power Steering(EPS)
system.
A Force Feedback using LQR + Gain Scheduling
The methods using current measurement are followed in a second force feedback and
torque estimation. The torque of steering wheel and front axle motor are taken into
account to create the force feedback. Moreover, the torque map is adapted to improve
the force feedback response. The compensation torque consists of damping and inertia
factor are added to have a more realistic driver steering feel and to stabilize the system.
Meanwhile, the LQR with gain scheduling is used to control the torque. The gains
of LQR controller are changed using gain scheduling technique which is based on
the condition of steering wheel angle and vehicle speed function. Again, the control
algorithms are validated using HIL methodology through Matlab software tools and
the responses are compared with the EPS system.
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1.8.2 The Variable Steering Ratio (VSR)
Variable steering ratio using hyperbolic tangent
The main function of VSR is to improve vehicle maneuver at lower and high speed
maneuver. The hyperbolic tangent concept achieves the VSR function only at low
speed maneuver. While, at medium and high speed it acts as fixed steering ratio. The
concept is based on vehicle speed parameter with the gain of the hyperbolic function
fixed.
Variable steering ratio using linear equation
For an approach using a linear equation, it achieves the function of VSR whereby
it improves vehicle maneuver at low and high speeds. The concept is based on the
steering wheel angle and vehicle speed parameter. The gain can be designed for a
better response. The gain is increased at high speed to increase a steering ratio and is
decreased to reduce a steering ratio at low speed. These improve vehicle stability at
high speed and reduce driver burden at low speed especially during parking.
1.9 Thesis Outline
This thesis is organized as follows:
• Chapter 1 is the introduction. Then, it follows up with a problem statement,
research objectives, scopes of the study, methodology of research, contributions
and the overall outline of the thesis.
• Chapter 2 explains the detail and work from previous literature review that
involved the wheel synchronization, variable steering ratio and the force
feedback and torque estimation control algorithm for the SBW system
• Chapter 3 explains and models the SBW subsystem which consists of steering
wheel system, front axle system and single track linear vehicle model. The
stability of each subsystem is defined and discussed.
• Chapter 4 proposes and discusses the control algorithm of wheel synchroniza-
tion, variables steering ratio and the force feedback with torque control for the
SBW system. The simulation results of each control algorithm are compared
with the EPS system.
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• Chapter 5 explains the designed and constructed steering wheel rig to validate
the effectiveness of the proposed force feedback control algorithm. This is done
by interfacing using Matlab - XPC target software. The experimental result is
analyzed discussed and compared to EPS system.
• Chapter 6 describes the conclusion of the overall thesis which consists of
literature review, control algorithm, simulation and experiment results. The final
decisions of each control algorithm are defined and discussed. Further works are
also discussed in this chapter.
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